Bacteria have aggressive acquisition processes for iron, an essential nutrient. Siderophores are small iron chelators that facilitate cellular iron transport. The siderophore enterobactin is a triscatechol derivative of a cyclic triserine lactone. Studies of the chemistry, regulation, synthesis, recognition, and transport of enterobactin make it perhaps the best understood of the siderophore-mediated iron uptake systems, displaying a lot of function packed into this small molecule. However, recent surprises include the isolation of corynebactin, a closely related trithreonine triscatechol derivative lactone first found in Gram-positive bacteria, and the crystal structure of a ferric enterobactin complex of a protein identified as an antibacterial component of the human innate immune system.
V
arious aspects of iron regulation, transport, storage, and utilization appear in several articles in this issue of PNAS. As often noted (1) (2) (3) (4) iron is needed in organisms in relatively large amounts. A 70-kg adult human has Ϸ5 g of iron (Ϸ10
Ϫ3
M for body volume), whereas a bacterial cell of 10 
Iron: Can't Live With It, Can't Live Without It
While iron's abundance in the Earth's crust, spin state, and redox tuneability makes it the most versatile of the transition elements, the insolubility of ferric hydroxide at pH 7.4 limits the concentration of [Fe 3ϩ ] (the free aqueous ion) to Ϸ10 Ϫ18 M (1). However, even below this concentration, free ferric ion is toxic. To avoid toxicity and regulate iron transport, the human serum iron transport protein, transferrin, maintains the free ferric ion concentration at Ϸ10 Ϫ24 M (6) (7) (8) . Pathogenic bacteria must compete against this thermodynamic limit to obtain iron from the serum or tissues of its human host.
It is difficult to overestimate the significance of iron as a limiting nutrient in microbial growth. Excess iron increases the virulence of organisms as diverse as Escherichia (9) , Klebsiella (10), Listeria (11) , Neisseria (12) , Pasteurella (11) , Shigella (13) , Salmonella (14, 15) , Vibrio (16) , and Yersinia (17) . Iron dextran injections in children, originally intended to prevent iron deficiencies, enhanced Escherichia coli bacteremia and meningitis (18) . As early as the 1850s, Dr. Armand Trousseau, a Parisian professor of clinical medicine, warned his students against administering an iron preparation, then widely used, to tuberculosis patients (19) . Nonlethal injections of E. coli in guinea pigs become lethal by the concomitant addition of either heme or enough iron to saturate the transferrin (9, 20) . The virulence of Yersinia enterocolitica is enhanced 10 million-fold by the peritoneal injection of ferric desferrioxamine (17, 21) . A similar effect is seen if desferrioxamine is supplied during infections of Klebsiella and Salmonella (15) , whereas direct correlation between the LD 50 of Vibrio vulnificans and iron availability has been demonstrated (22) .
Bacteria have consequently evolved aggressive iron acquisition processes. Powerful and selective iron chelators (siderophores) are produced and secreted specifically in response to iron deficiency. The regulator protein Fur (ferric uptake regulation) (23) (24) (25) or Fur-like proteins, regulate iron uptake in many bacterial species. Some Grampositive bacteria (such as streptomyces, corynebacteria, and mycobacteria) use the DtxR (diphtheria toxin regulator) protein (26) . Regulation of iron uptake and siderophore production has recently been the subject of an excellent review (27) .
Spectacular advances have taken place in the last 10 years in understanding the recognition and transport processes involved in siderophore-mediated iron acquisition. The structural characterization of proteins and identification of genes have elucidated the steps involved in siderophore-mediated iron transport in several different systems. The general mechanism is initiated when the ferric siderophore complex binds to the receptor protein on the microbial cell surface. Translocation of the complex requires active transport, ending with iron release and metabolism inside the cell. Enterobactin (Fig. 1) coordinates iron through three catecholate functionalities that are linked to a triserine macrocycle. The remarkable stability of the ferric enterobactin (FeEnt) complex, the role of its stereochemistry in recognition and transport, and the significance of the trilactone ring for iron release are all now understood. Although many different siderophores and several types of transport systems are known, it seems timely to take a retrospective look at enterobactin as perhaps the best understood of the siderophore-mediated iron transport systems. How can so much function be packed into this small molecule?
FeEnt Structure
The isolation of enterobactin (or enterochelin) in 1970 resulted in the first of many controversies about this molecule. Pollack and Neilands (28) , who isolated the compound from Salmonella typhimurium, named it enterobactin, whereas O'Brien and Gibson (29) , who isolated the compound from E. coli, called it enterochelin. Although the O'Brien and Gibson paper was submitted first, the Pollack and Neilands paper was printed first, resulting in the widespread use of both names.
Characterization of enterobactin proved challenging, with many flawed analyses published over the years. The coordination mode of FeEnt involves a hexadentate triscatecholate geometry with a ⌬ configuration at the metal center, as shown in Fig. 1 Lower Right (30, 31) . Iron release is through the action of the cytoplasmic esterase (32, 33) . However, synthetic analogs of enterobactin, which are not susceptible to hydrolysis, are Ϸ5% as effective in delivering iron (34) , implying a secondary pathway of iron release. Unfortunately, perhaps because of previous errors, there continues to be confusion on this subject. Even a recent major microbiological review (35) incorrectly assigned the structure of FeEnt and its major route of iron release.
Enterobactin is predisposed for metal binding (31, (36) (37) (38) . The conformation of the neutral catecholamide free ligand has the ortho-hydroxy proton hydrogenbonded to the amide oxygen atom. Upon deprotonation this conformation changes to the trans form ( Fig. 1 Upper Right), in which the amide proton hydrogen-bonds to the ortho-hydroxy oxygen atom. At physiological pH Ϸ50% of the three catecholate units have their hydroxy oxygen atoms oriented in the same direction as the amide proton. If we view the siderophores as both iron *To whom correspondence should be addressed. E-mail:
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prospecting and sequestering agents, this dynamic conformation of free enterobactin seems optimally tuned to perform both tasks: the free ligand conformation favors rapid initial binding of an iron atom, whereas the conformation change that results from proton loss promotes full encapsulation of the iron atom.
Biosynthesis of Enterobactin
The peptidic assemblage of enterobactin is achieved by nonribosomal peptide synthetases. Walsh and coworkers (39, 40) , Earhart and coworkers (41, 42) , and McIntosh and coworkers (43, 44) have shown that enterobactin is synthesized from a fork in the aromatic amino acid pathway in a two-step process (40, 41, 45) . Chorismic acid, an aromatic amino acid precursor, is converted into isochorismate, then into 2,3-dihydro-2,3-dihydroxybenzoate, and finally into 2,3-dihydroxybenzoic acid (DHB). The amide linkage of DHB and L-serine is catalyzed by EntD, EntE, EntF, and a Cterminal aryl carrier of EntB, which is a bifunctional protein (46) . Serine is activated by adenylation and subsequently binds onto a peptidyl carrier protein domain of EntF as an acyl-S-pantetheine intermediate (47) . The terminal thioesterase domain of EntF later releases enterobactin after the hydrolysis of three molecules of DHB-Ser by intermolecular cyclization (48) (Scheme 1 Upper).
Chemical Syntheses of Enterobactin
The first chemical synthesis of enterobactin was reported by Corey and Bhattacharya (49) . Their procedure gave enterobactin with a relatively low yield (Ϸ1%). Subsequent syntheses for both enterobactin and its mirror image, enantioenterobactin (50), have steadily improved the yield (51) . A single-step synthesis of the triserine lactone (52) (Scheme 1 Lower) provides an overall yield of Ϸ50% and also enables the functionalization of the trilactone by attaching chelating groups other than catecholamides (53, 54) .
Enterobactin Recognition and Transport
The low concentration and large size of ferric siderophore complexes require active transport (Fig. 2) . Recognition and incorporation of the ferric siderophore complex begins at an outer membrane protein receptor. This constitutes the rate-limiting step for the entire siderophore-mediated iron transport process (55, 56) . Under iron stress, organisms typically express highly specific receptors capable of binding a very nar- and appended catecholamide groups as seen in the crystal structure of an enterobactin analog (79) . Note how hydrogen bonding locks the catechol group into one of two rigid conformations, the interconversion of which is triggered by deprotonation͞metal complexation.
Scheme 1.
row subset of ferric siderophores (27, 57) . Several bacteriophages (T1, T5, 80, UC-1) and bacteriocins (colicin M and microcin 25) opportunistically use these outer membrane receptors for entry into the cell (58).
The octahedral metal center of a trisbidentate complex is chiral, with either ⌳ or ⌬ absolute configuration. In many siderophore systems this chirality is part of the recognition process for siderophore receptors (59) . FeEnt has ⌬ absolute configuration, and although the synthetic mirror image (⌳ configuration, enantioenterobactin) does not promote the growth of E. coli (60) , subsequent studies have revealed that both enantiomers are transported into the bacterium, showing that chirality of the enterobactin metal center is not required for its recognition by the receptor FepA (61) . The trilactone backbone is also not required for recognition; however, an unsubstituted triscatechol iron center and an amide linkage is required (Fig. 1 Upper Left). The early studies of receptor binding and transport of FeEnt using a wide range of synthetic analogs showed that the coordinated catechol amide groups are essential and cannot be significantly changed without disrupting recognition, whereas the triserine macrocycle is not recognized and can be replaced with very different molecular scaffolds (34, 61) .
Recently, the crystal structure has been described for the outer membrane protein of E. coli that is responsible for the recognition of FeEnt and similar triscatecholate analogs. FepA (Fig. 3) consists of Ϸ700 residues organized into a C-terminal, 22-stranded ␤-barrel and an N-terminal plug domain located within the barrel channel (62) . The crystal structure and biochemical data have implicated several positively charged and aromatic residues of FepA in the binding of FeEnt (63) . The 22-stranded antiparallel ␤-barrel (residues 154-724) forms a domain that spans the outer membrane, with connecting loops, and functions in FeEnt binding. Several of the extracellular loops in FepA extend 30-40 Å above the membrane bilayer, which may facilitate the initial binding of FeEnt. Although similar to porin proteins, FepA lacks the long loops that fold back into the pore and uses more aromatic residues. The N-terminal globular plug domain (residues 1-153) consists of two long loops, several short ␤-strands, and singleturn helices that fold into the barrel, plugging the barrel pore. The N domain is firmly anchored to the barrel protein and completely blocks the transport of FeEnt into the periplasm. Transport requires the N-terminal domain to undergo a conformational rearrangement. The unfolded plug domain of FepA binds FeEnt, although at a 100-fold lower affinity than the intact protein, suggesting that the plug domain rearranges to allow the FeEnt to pass through the channel, rather than moving out as the intact plug (56) .
Once across the outer membrane, FeEnt is translocated into the cytoplasm via the ATP binding cassette transporter. This transport mechanism of ferric siderophores seems widely conserved and includes: (i) binding of the substrate by the periplasmic binding protein, (ii) interaction of the binding protein with the cytoplasmic membrane spanning protein, and (iii) hydrolysis of ATP via a membrane bound protein to transport the ferric siderophore across the cytoplasmic membrane. Although the structure of the periplasmic enterobactin binding protein, FepB, has not yet been determined, recent binding studies suggest that this protein is far more specific for enterobactin (K d ϭ 30 nM) (64) than the similar catecholate siderophores vibriobactin (65) or agrobactin (64) . Once carried across the periplasm by FepB, FeEnt is delivered to cytoplasmic transmembrane proteins (FepD and FepG). Transport across the cytoplasmic membrane is driven by hydrolysis of ATP, achieved via the ATP binding protein FepC, which is attached to the cytoplasmic membrane. As shown in Fig. 2 , FeEnt is a substrate for the cytoplasmic esterase, which is even more effective in hydrolyzing the free enterobactin than the FeEnt complex (32) .
Human Defense Against Enterobactin
It has long been known that enterobactin is bound strongly by serum albumin . 2 . A pictorial scheme shows the transmembrane topology of the FeEnt uptake proteins and how they function. In an iron-deficient state, iron receptors proliferate among the outer membrane (OM) proteins. FepA is a channel protein composed of a ␤-barrel and an N-terminal gate protein (see Fig. 3 ). The FepA receptor is highly specific and recognizes the iron binding domain and amide linkage domains of FeEnt. The gating movement of FepA is transduced by the complex TonB-ExbB-ExbD, which is anchored in the cytoplamic membrane (CM). FepB delivers FeEnt to the cytoplasmic pores formed by FepD and FepG. It appears that the cytoplasmic ATPase, FepC, provides energy to assist the uptake through the inner membrane. FeEnt esterase, which is encoded by the fes gene, catalyzes hydrolytic cleavage of the backbone, leading to the intracellular release of iron.
and hence is inactivated in human serum (66) . Recently, neutrophil gelatinase-associated lipocalin [NGAL, also called superinducible protein 24 (SIP24), 24p3, neu-related lipocalin (NRL0), and uterocalin] has been proposed as an antibacterial component of the innate immune system (67) . NGAL is a human protein secreted by neutrophils (68, 69) and epithelial cells during inf lammation and rapid cell growth (70) . NGAL, like most lipocalins, is thought to modulate cellular processes by binding to specific cell-surface sites or receptors (71) .
For NGAL to act as a growth inhibitor of E. coli by binding and sequestering FeEnt, it must have an affinity for FeEnt comparable to FepA. The K d of FepA for FeEnt has been measured by fluorescence spectroscopy at 50 nM (62) and by filter binding at 0.2 nM (72). Strong and coworkers (67) showed that tryptophan fluorescence quenching analysis of NGAL in the presence of FeEnt gave a K d of 0.41 Ϯ 0.11 nM at 20°C. Thus NGAL has sufficient affinity to effectively compete with FepA for FeEnt and so to neutralize the use of enterobactin by pathogenic E. coli. Most significantly, the crystal structure of the NGAL:FeEnt adduct shows the specific binding of the ferric siderophore by the protein (67) . Because large sections of the NGAL calyx remain unfilled by FeEnt, NGAL may be capable of binding larger catecholate siderophores. Strong and coworkers thus propose that NGAL is a novel component of the innate immune system. Electronic spectra and calculations of metal complexes of enterobactin synthetic analogs have established the highly delocalized nature of the net negative charge (31) . It was therefore proposed that the NGAL: FeEnt interactions with lysine and arginine side chains are a hybrid between a simple ionic interaction and a cationinteraction in that both interacting moieties have a net charge. This is also the case for FeEnt binding to FepA and other FeEnt binding proteins (67) .
Corynebactin
Enterobactin was thought unique to Gram-negative bacteria. However, isolation of enterobactin from two Grampositive Streptomyces species (73) suggests production of this powerful siderophore may be wider than previously thought. It was also thought that the trilactone ring of enterobactin was unique to this siderophore. However, corynebactin (Fig. 4) , isolated from Gram-positive Corynebacterium glutamicum (74) and Bacillus subtilis (and then improperly renamed) (75) , incorporates a threonine trilactone and glycine spacers, which elongate the three chelating arms as compared with enterobactin. The 12-membered trilactone macrocyclic ring has two stable conformations. If one placed an imaginary carbon atom at the center of the macrocycle, the result would be three fused six-membered rings. The ''normal'' conformation seen for enterobactin and the ''inverted'' form found for corynebactin are the two solutions to putting these imaginary sixmembered rings all in chair conformations, as was described for enterobactin by Tse and Kishi (76) . The result of the two structural changes seems to maintain a very high stability for ferric corynebactin, comparable to that of enterobactin. The structural conformation of ferric corynebactin has been studied by molecular modeling and CD studies (77, 78) . Whereas enterobactin forms a ⌬-ferric complex, corynebactin is ⌳! Both the addition of a glycine spacer and methylation of the trilactone ring (serine to threonine) favor the ⌳ conformation relative to the ⌬ conformation of enterobactin. It will be most interesting to see how this stability and the ⌳ chirality are involved in corynebactin-mediated iron transport in its producing organisms.
Conclusion
Over a 30-year period enterobactin has provided a merry chase. It was first characterized by microbiologists and biochemists. Its extraordinary iron affinity and structure has been explored by chemists, who have also synthesized the molecule and many analogs. The biosynthesis and regulation has been followed by using the tools of genetics and molecular biology, and the regulatory aspects have provided important insight into what has become a wider field of metal regulation. Finally, elucidating the transport process of FeEnt uptake has provided what today is the clearest picture of siderophore-mediated iron transport. This general topic intersects importantly with a range of applications, most notably bacterial diseases, but also environmental implications of human interest.
We thank our many previous coworkers whose names appear in our referenced work and the National Institutes of Health for continuing support through Grant AI11744. (Center) The chemical structure of corynebactin (which has a glycine spacer between the catechol ligands and the trilactone ring) is shown (that for enterobactin is in Fig. 1 ). The conformation for the 12-membered triserine ring of enterobactin places both the lactone carbonyl and the exocyclic amine groups in axial positions. The conformation for the trithreonine ring of corynebactin is inverted, with ester carbonyls equatorial. The consequence is that, while the ferric enterobactin complex is ⌬ (Lower Left) the ferric corynebactin complex is ⌳ (Lower Right).
